Homology-directed repair of DNA damage has recently emerged as a major mechanism for the maintenance of genomic integrity in mammalian cells. The highly conserved strand transferase, Rad51, is expected to be critical for this process. XRCC3 possesses a limited sequence similarity to Rad51 and interacts with it. Using a novel fluorescence-based assay, we demonstrate here that error-free homology-directed repair of DNA double-strand breaks is decreased 25-fold in an XRCC3-deficient hamster cell line and can be restored to wild-type levels through XRCC3 expression. These results establish that XRCC3-mediated homologous recombination can reverse DNA damage that would otherwise be mutagenic or lethal.
Cells treated with X-rays suffer potentially lethal DNA double-strand breaks (DSBs), in addition to a variety of other lesions (Ward 1995) . As in cells from other organisms, cycling mammalian cells possess a robust capacity to repair DSBs by homologous recombination (Liang et al. 1998) . One type of homologous repair is gene conversion, a process in which a donor DNA sequence with homology to both sides of the DSB supplies genetic information to repair the DSB (Taghian and Nickoloff 1997; Elliott et al. 1998; Liang et al. 1998) . Effectively, the information in the homologous sequence is copied into the broken locus, making the repaired locus an exact copy of the donor sequence, without altering the donor sequence. The error-free nature of gene conversion suggests a particularly important contribution in maintaining genetic integrity. To further understand both the mechanism of homologous recombination in mammalian cells, as well as the role of homologous recombination in mammalian cell growth and genome integrity, it will be critical to identify genetic loci that influence homologous recombination.
Several such genetic loci have been identified in Saccharomyces cerevisiae, but mutations of the homologous genetic loci in mammalian cells do not always result in the same phenotypes. Mice with a disrupted Rad51 gene die early in embryogenesis and cells recovered from mutant embryos do not proliferate (Lim and Hasty 1996; Tsuzuki et al. 1996) . The severity of the Rad51 mutant phenotype is surprising, considering that yeast Rad51 mutants are viable in both S. cerevisiae (Shinohara et al. 1992) and Schizosaccharomyces pombe (Muris et al. 1993) . The phenotype of Rad52 mutants also differs greatly between yeast and mouse. Mutation of Rad52 in S. cerevisiae confers extreme sensitivity to ionizing radiation due to a defect in recombinational repair. In contrast, mutation of the Rad52 homolog in mice leads to no discernible radiation sensitivity and a mild defect in homologous recombination (Rijkers et al. 1998 ). In the case of Rad54 mutation, however, the yeast and mammalian phenotypes are more comparable (Essers et al. 1997) .
Because many yeast genes that are involved in homologous recombination were originally identified as mutations that conferred sensitivity to ionizing radiation (Petes et al. 1991) , ionizing radiation-sensitive mammalian cells represent good candidates for genes with similar functions. Nine such complementation groups have been isolated from hamster cells (Thompson and Jeggo 1995; Jeggo 1998; Thompson and Schild 1999) . Several of these cell lines have been studied genetically for defects in DSB repair. The XRCC4-7 groups, which are defective for a DNA ligase IV-interacting protein (XRCC4), Ku86, Ku70, and DNA-PK cat , respectively, are involved in nonhomologous repair of DSBs as demonstrated in assays for both V(D)J recombination (Taccioli et al. 1993 ) and chromosomal DSB repair (Liang et al. 1996) . XRCC1 interacts with DNA ligase III and is implicated in DNA base excision repair (Caldecott et al. 1994) . The XRCC2 and XRCC3 mutants were found to have high levels of chromosomal instability and extreme sensitivity to cross-linking agents (Tebbs et al. 1995; Liu et al. 1998 ).
The irs1SF cell line, which is defective in XRCC3 (Tebbs et al. 1995; Fuller and Painter 1988) , has not been characterized at the molecular level for its role in DSB repair. The XRCC3 protein shares limited homology with the Rad51 strand transferase in a presumed ATPbinding domain and also interacts with Rad51 (Tebbs et al. 1995; Liu et al. 1998) . In this report we have examined directly the irs1SF mutant to determine whether XRCC3 is involved in homologous repair of DNA damage. For this endeavor, we designed a new recombination reporter system to efficiently assay chromosomal gene conversion events in response to DSBs. The system utilizes a modified gene for green fluorescent protein (GFP) as a recombination reporter and the I-Sce I endonuclease for the introduction of DSBs (Jasin 1996) . The 18-bp I-Sce I site (Colleaux et al. 1988 ) is inserted within one copy of a GFP gene, inactivating it, but when cleaved, a homologous repair event with a linked donor GFP gene fragment restores functional GFP expression. The gene conversion events are readily detected by flow cytometry in a 2-day assay. Using this system, we have determined that the irs1SF mutant has a homologous repair defect that can be restored by expression of XRCC3, but not other proteins predicted to be involved in recombinational repair.
Results

XRCC3-deficient cells have impaired homologous repair of DSBs
To test whether XRCC3-deficient mammalian cells are defective for homologous repair of DSBs, we constructed the recombination substrate DR-GFP. A gene conversion event within this substrate results in the expression of intact GFP protein (Fig. 1A) , which can be assayed as cellular green fluorescence. DR-GFP is composed of two differentially mutated GFP genes oriented as direct repeats and separated by a drug selection marker, the puromycin N-acetyltransferase gene (Fig. 1B) . One of the GFP genes, SceGFP, is mutated to contain the recognition site for the rare-cutting I-Sce I endonuclease and, as a result, will undergo a DSB when I-Sce I is expressed in vivo. The I-Sce I site was incorporated at a BcgI restriction site by substituting 11 bp of wild-type GFP sequences with those of the I-Sce I site (Fig. 1A) . These substituted base pairs also supply two in-frame stopcodons, which terminate translation and inactivate the protein. Downstream of the SceGFP gene is an 812-bp internal GFP fragment termed iGFP. Homologous sequences in the two mutated GFP genes are separated by 3.7 kb. Two homologous recombination products are possible with DR-GFP, a short tract gene conversion (STGC) product (Fig. 1C) or a deletion product (Fig. 1D) . The STGC product results from a noncross-over gene conversion within the limited amount of homology (Յ812 bp), whereby the iGFP sequence acts as a donor of wild-type sequence information to the broken SceGFP gene. The deletion product could result from a conservative recombination event with an associated cross-over, a long tract gene conversion, or from the nonconservative singlestrand annealing pathway in which the sequence between the two GFP repeats is degraded. Whereas the STGC event restores an intact GFP gene, a deletional event retains only the 5Ј portion of the GFP gene that would encode a carboxy-terminal truncation. To determine whether this truncation product would be functional, the gene was constructed and transiently transfected into cells. Fluorescent cells were not detected above background levels (data not shown), demonstrating that only events that restore an intact GFP gene would be scored with the DR-GFP substrate.
The DR-GFP substrate was stably transfected into both wild-type AA8 hamster cells and the derivative XRCC3-deficient irs1SF cell line. Puromycin-resistant cell lines were isolated and screened by Southern blotting for those that had integrated one to two copies of the DR-GFP substrate and flow cytometric analysis was performed ( Fig. 2A) . A small number of GFP+ cells were detected in some of the DR-GFP-containing cell lines (Յ10 −4 ). Because the parental AA8 and irs1SF cells did not contain any positive cells (data not shown), this result suggests that the GFP+ cells in DR-GFP-containing cell lines may be spontaneous recombinants, although this has not been verified. In control experiments in which the cell lines were electroporated with a lacZ expression vector and then incubated for 48 hr in nonselective medium, there was no change in the number of GFP+ cells.
To determine whether DSBs will promote STGC within the DR-GFP substrate, cells were electroporated with the pC␤ASce vector (100 µg) to transiently express the I-Sce I endonuclease ( Fig. 2A) . I-Sce I expression in the wild-type cell line DRaa-40 led to >5% of cells being GFP+, a >700-fold induction over untransfected cells. This large induction of gene conversion with a DSB is similar to what has been observed previously when DSBinduced gene conversion was measured with drug selection markers (e.g., Liang et al. 1998) . In contrast, I-Sce I expression in the mutant DRirs-10 cell line led to only 0.22% of cells being GFP+, that is, 25-fold lower than in the wild-type cell line, demonstrating that the irs1SF cell line has a defect in DSB-promoted homologous recombination.
The recombination defect of irs1SF can be complemented by expression of XRCC3
The irs1SF cell line was derived from a mutagenized culture of AA8 cells, raising the possibility that the recombination defect observed above may not be the direct result of mutation of the XRCC3 gene. To test whether the recombination defect in this cell line is due to XRCC3 deficiency, cotransfections were carried out in which the I-Sce I expression vector was electroporated with an XRCC3 expression vector. Coexpression of XRCC3 with I-Sce I resulted in a 25-fold increase in the number of GFP+ cells in the mutant cell line, restoring recombination to wild-type levels ( Fig. 2A) . No such increase was observed in wild-type cells. Transfection of the XRCC3 expression vector without I-Sce I did not detectably increase recombination over spontaneous levels in either the mutant or wild-type cell lines (data not shown). These findings indicate that the DSB-promoted recombination defect in the irs1SF cell line is the direct result of its XRCC3 deficiency.
We performed this analysis on multiple independently isolated DR-GFP-containing wild-type and irs1SF cell lines (Fig. 2B ). In the three wild-type cell lines, ∼5% of the cells transfected with the I-Sce I expression vector were GFP+, whether or not they were cotransfected with the XRCC3 expression vector. In the two irs1SF-derived cell lines, recombination was much lower, but increased 25-to 30-fold when XRCC3 was expressed with I-Sce I. The absolute level of GFP+ cells was higher in the complemented DRirs-14 cell line, likely due to the presence of a second copy of the SceGFP gene. Thus, the recombination defect of irs1SF cells has been observed in independently isolated DR-GFP-containing cell lines.
Fluorescent cells have a functional GFP gene arising from gene conversion
To prove that fluorescent cells had undergone gene conversion within the DR-GFP reporter, we sorted GFP+ cells by flow cytometry. Sorted populations were collected from both the wild-type and mutant cells after transfection of the I-Sce I expression vector (20 µg) either with or without the XRCC3 expression vector. We used a lower amount of the I-SceI expression vector in these transfections to conserve DNA. Prior to sorting, ∼0.5% to 1.5% of the I-Sce I-transfected cells were GFP+ with the exception of the uncomplemented mutant, in which only 0.04% of the cells were GFP+ (Fig. 3) . On expansion, the sorted populations from the wild-type cell line and the complemented mutant were 93% to 96% fluorescent, whereas the population derived from the uncomplemented mutant was 81% fluorescent. The decreased purity is likely due to the low number of GFP+ cells in the starting uncomplemented mutant cell population. Each cell population maintained fluorescence at this level during continued growth in culture (data not shown).
Genomic DNA was prepared from the sorted populations and analyzed by Southern blotting with the GFP- Green fluorescence is stably expressed after I-Sce I expression. Wild-type DRaa-40 cells and XRCC3-deficient DRirs-14 cells were electroporated with the I-Sce I expression vector or both the I-Sce I and XRCC3 expression vectors, sorted on the basis of green fluorescence, and then reanalyzed by flow cytometry. Percent GFP+ cells before sorting (unshaded peak) and after sorting (shaded peaks) are indicated. Not shown is the DRaa-40 cell line transfected with both the I-Sce I and XRCC3 expression vectors, in which the presorted population was 0.66% GFP+ and the post-sorted population was 93.5% GFP+. Also not shown are the lacZ-transfected cells that were not sorted; 0.01% GFP+ for DRaa-40 and <0.01% GFP+ for DRirs-14. (The frequency of GFP+ cells is lower in this experiment than the one shown in Fig. 2 , because only 20 µg of each of the expression vectors was electroporated.)
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Cold Spring Harbor Laboratory Press on October 11, 2017 -Published by genesdev.cshlp.org Downloaded from coding sequence as probe (Fig. 4) . A STGC at the I-Sce I site restores the 11 bp of wild-type GFP sequence at the BcgI site, which is readily detectable by enzyme digestion in conjunction with SalI and HindIII. The nonrecombinant SceGFP gene gives bands of 2140 and 881 bp when the SalI/HindIII band is digested by I-Sce I but maintains the 3021-bp band when digested by BcgI. Conversely, a STGC that restores an intact GFP gene results in a SalI/HindIII band of 3021-bp that is not cleavable by I-Sce I, but that is cleaved by BcgI to 2140 and 881 bp. The banding pattern indicative of STGC was found in each of the GFP+ sorted populations. These results indicate that the fluorescence assay is a direct measure of the percentage of cells that have undergone STGC.
Transient expression of proteins other than XRCC3 does not suppress the recombination defect
In yeast, expression of Rad51 or Rad52 from a high-copy number plasmid suppresses the repair defect of strains deficient in Rad51-related proteins (Hays et al. 1995; Johnson and Symington 1995) . To determine whether transient expression of other proteins in addition to XRCC3 would suppress the gene conversion defect in the irs1SF cells, we transiently expressed three other proteins predicted to be involved in recombinational repair in mammalian cells. Unlike XRCC3 expression, none of XRCC2, Rad51, nor Rad52, singly or in combination, was capable of complementing the recombination defect in the irs1SF cells (Fig. 5) .
Discussion
In this report we demonstrated that XRCC3 promotes the repair of DSBs by homologous recombination using a novel fluorescence-based assay. The GFP reporter allows homology-directed repair to be scored by flow cytometry within 24-48 hr after transfection of the endonuclease expression vector, with a sensitivity for detection of recombinants at a level of 10 −4 or less. Levels of homologous repair observed in wild-type cells with this system are comparable to those with drug selection markers. With this GFP reporter system, we determined that the irs1SF mutant cell line has markedly reduced levels of homologous repair, measured to be 25-fold lower than the parental cell line. The recombination defect can be corrected by expression of XRCC3 but not other proteins predicted to be involved in recombinational repair in mammalian cells.
The irs1SF mutant has a broad spectrum of sensitivities to DNA damaging agents. It has modest sensitivity to both ionizing and UV radiation (2-to 3-fold), modest sensitivity to alkylating agents (2-to 10-fold), and extreme sensitivity to DNA cross-linking agents (60-to 100-fold) (Fuller and Painter 1988; Caldecott and Jeggo 1991) . One other hamster mutant, the irs1 cell line, is known to have a similar spectrum of sensitivity to DNAdamaging agents (Jones et al. 1987; Caldecott and Jeggo 1991) . This mutant is deficient in XRCC2 and, similar to irs1SF cells, is also defective in DSB-promoted recombination (Johnson et al. 1999 ). Both mutant cell lines, in contrast to a nonhomologous DNA end-joining repair mutant (xrs-6; Kemp and Jeggo 1986) , show a highly elevated frequency of spontaneous chromosomal aberrations (Tebbs et al. 1995; Fuller and Painter 1988; Liu et al. 1998) . Thus, homologous recombination may play a particularly important role in mammalian cells in the repair of spontaneously arising DNA damage, as may occur during DNA replication when a sister chromatid would be available to act as a template for homologydirected repair. The maintenance of genomic integrity by homologous repair processes is likely to be necessary not only for cell survival, as is surmised from the lethality of Rad51 knockout mice (Lim and Hasty 1996; Tsuzuki et al. 1996) , but also for prevention of tumorigenesis, as the tumor suppressor genes BRCA1 and BRCA2 have been linked to these processes (Kinzler and Vogelstein 1997) . Recently, BRCA1-deficient cells have been directly demonstrated to have a homologous repair defect using an I-Sce I assay system (Moynahan et al. 1999) .
The specific defect in homology-directed repair that has been observed in the irs1SF cell line is in gene conversion, a process that is thought to require homologous strand invasion. The human Rad51 protein, like its Escherichia coli RecA and yeast Rad51 homologs, is a strand transferase, promoting the invasion of a single-stranded molecule into a homologous duplex (Sung 1994; Baumann and West 1998) . Human XRCC3 is only 22% identical to human Rad51, yet key residues in the Walker A and B motifs, which are known to be involved in ATP binding, are conserved (Liu et al. 1998) . Similarly, XRCC2 is 20% identical to Rad51, with the highest identity in the same motifs (Liu et al. 1998) . Although it is possible that XRCC3 (and XRCC2) has strand transferase activity like Rad51, a more likely alternative is that XRCC3 is an accessory factor for Rad51. In this way, XRCC3 would act more like the yeast Rad51-related proteins Rad55 and Rad57, which have been shown to promote the strand exchange activity of the S. cerevisae Rad51 protein, rather than having strand exchange activity themselves (Sung 1997b) . Supporting this, XRCC3 shares more sequence identity with yeast Rad57 (28%) than with human Rad51 (Liu et al. 1998 ) and it also interacts with Rad51 (Liu et al. 1998) , as does Rad55 with the yeast Rad51 protein (Hays et al. 1995; Johnson and Symington 1995) .
A notable difference between XRCC3 and Rad55/ Rad57 is that Rad51 overexpression in yeast will suppress the DNA repair defect of rad55 or rad57 mutants (Hays et al. 1995; Johnson and Symington 1995) , whereas we see no suppression of the recombination defect in the irs1SF mutant by transient expression of exogenous Rad51. Similarly, overexpression of Rad52 in yeast, a protein that also stimulates the Rad51 strand exchange activity in vitro (Sung 1997a) , will suppress the X-ray sensitivity of rad55 or rad57 mutants (Hays et al. 1995 ). Yet, as with Rad51, we see no suppression of the recombination defect in the irs1SF cell line by expression of exogenous mouse Rad52. In our assays, only XRCC3 expression suppressed the defect in the irs1SF mutant, although we cannot rule out that higher levels of Rad51 or Rad52 would have an effect. Interestingly, XRCC3 is required for the assembly of Rad51 complexes that are formed in vivo in response to DNA-damaging agents (Bishop et al. 1998) , raising the possibility that the defect in the irs1SF cell line will not be suppressible by any protein except XRCC3. In summary, our results provide further evidence for a role for the Rad51 pathway in maintaining genomic stability in mammalian cells by promoting homologous repair of DNA damage.
Materials and methods
DNA manipulations
The modified GFP gene (NZ-EGFP) was constructed from the enhanced GFP gene (EGFP; Clontech) and contains a threefold repeated nuclear localization signal (Donoho et al. 1998 ) and a zinc finger DNA-binding domain from the GAGA2 transcription factor (Gly-310 to Val-372; Pedone et al. 1996) with preferred mammalian codons. This modified GFPcoding region was cloned into the vector pCAGGS (Niwa et al. 1991) . The SceGFP gene was constructed by replacing the 34-bp BcgI fragment from the GFP gene with 34 bp that include the 18 bp I-Sce I site. The pgk-pur gene is from pHA262pur (a kind gift of Hein te Riele, Netherlands Cancer Institute, Amsterdam, The Netherlands). I-Sce I is expressed in pC␤ASce from a hCMV enhancer/chicken ␤-actin promoter . In each of the other expression vectors, the protein is expressed from a hCMV enhancer/promoter. The human XRCC3 expression vector, pXR3-10, is a kind gift of K. Brookman (Livermore). The human XRCC2 expression vector has been described previously (Johnson et al. 1999) , as has the Rad51 expression vector, pCDNA-HA-51 [a kind gift of D. Weaver; (Scully et al. 1997) ]. Both of these vectors have been shown to express functional proteins. The Rad52 expression vector, pFlag:mR52 (R.D. Johnson and M. Jasin, unpubl.) was derived from pKSMmRad52cDNA (a kind gift of R. Rothstein, Columbia University, New York, NY).
Transfections and recombination assays
Stable integrants were constructed by electroporating cells in tissue culture medium with circular pDR-GFP at 625 V/cm, 960 µF, and plating in puromycin at 12 µg/ml (AA8) or 5 µg/ml (irs1SF). Puromycin-resistant colonies were screened by Southern blots for an intact DR-GFP reporter with SalI and HindIII, and subsequently with BcgI, I-SceI, and other enzymes to estimate DR-GFP copy number. To assay GFP expression, cells were electroporated as described above (Fig. 5) or under modified conditions found to result in a higher transfection efficiency (Figs. 2-4) . The modified conditions consist of adding fresh tissue culture medium to cells 4 hr prior to electroporation and electroporating cells in phosphatebuffered saline and then diluting cells immediately in tissue culture medium. After electroporation, cells were plated in nonselective medium for 48 hr, rinsed twice with phosphate-buffered saline, recovered by treatment with trypsin/EDTA, concentrated by centrifugation, and resuspended in tissue culture medium prior to flow cytometry. Cells were analyzed in a Becton-Dickinson FACScan on a green (FL1) versus orange (FL2) fluorescence plot with 20% or 25% orange minus green compensation to aid in the detection of faint positives. GFP-negative cells possess autofluorescence and fall along the green/orange diagonal, whereas GFP+ cells appear in a separate population shifted off the diagonal of cells and toward FL1. Expression of a functional GFP gene in DR-GFP recombinants appears to confer no selective advantage or disadvantage, because the ratio of GFP positive to negative cells in a mixed population remains stable during expansion of cells for 2 weeks or longer. of page charges. This article must therefore be hereby marked 'advertisement' in accordance with 18 USC section 1734 solely to indicate this fact.
